were measured with threedimensional (3D) Cones and adiabatic inversion recovery Cone (IR-Cone) sequences. Two-dimensional (2D) nonselective ultrashort echo time (UTE) techniques, including saturation recovery, variable repetition times (TRs), and inversion recovery (IR) preparation approaches were compared with 3D-Cones techniques on bovine cortical bone samples (n ¼ 8). The 3D Cones sequences were used to measure T 
INTRODUCTION
Osteoporosis is defined by decreased bone strength (1) and is characterized by thinning and increased porosity of cortical bone as well as architectural deterioration of trabecular bone (2) (3) (4) (5) . Cortical bone is particularly important, as approximately 80% of the skeleton and approximately 80% of all fractures associated with advanced age arise at sites that are composed primarily of cortical bone (6) . Cortical bone has a hierarchical physical structure (7) and consists of mineral ($43% by volume), organic matrix ($35%), and water ($22%) (8, 9) . The water exists in various locations and in different states, including water bound to the organic matrix (bound water (BW)) and water residing in Haversian canals and in lacunae-canalicular systems (pore water (PW)) (9) (10) (11) (12) (13) (14) . Bound and pore water pools show opposite correlations with biomechanical measures of bone competence (15, 16) . Therefore, it is of critical importance to develop techniques to noninvasively evaluate properties of cortical bone, including bound and pore water components.
Magnetic resonance (MR) imaging is uniquely suited for imaging of water. However, cortical bone water has a short T Ã 2 , which can barely be detected by conventional clinical MR sequences (17) . Ultrashort echo time (UTE) techniques have been used to acquire signal from cortical bone water before it decays to zero or near-zero levels. Using UTEbased techniques, total bone water (including both bound water and pore water) T 1 (T TW 1 ) and concentration can be measured using clinical MR scanners (18) (19) (20) . Furthermore, bound and pore water T Ã 2 images and relative fractions can be accessed using bi-exponential fitting of UTE signal decay (19) (20) (21) (22) (23) . Bound water T Ã 2 images can be measured selectively with adiabatic inversion recovery prepared UTE (IR-UTE) techniques in which pore water with a longer T Ã 2 can be selectively suppressed (24) . However, T 1 of bound water (T have been reported using highperformance NMR spectrometers (22, 25) . Accurate measurement of bound and pore water concentrations require compensation of T 1 and T Ã 2 effects (25) (26) (27) . Reliability and fast measurements of T BW 1 and T PW 1 would also be necessary to be performed in vivo in the clinical setting.
The three-dimensional (3D) Cones UTE sequence employs a short radio frequency (RF) rectangular pulse for signal excitation, followed by 3D spiral trajectories sampled on the Cones (28, 29) . The Cones sequence provides 3D volumetric UTE imaging in a time-efficient way with greatly reduced eddy current artifacts compared with the regular two-dimensional (2D) slice-selective UTE sequence. Our previous studies have shown that the 2D spiral UTE sequence has improved signal-to-noise (SNR) efficiency compared with the 2D radial UTE sequence (30) . The 3D Cones sequence is expected to have further improved SNR efficiency compared with the 2D spiral UTE sequence as well as the 2D or 3D radial UTE sequences (30, 31) . The purpose of this study was to use the efficient 3D-Cones sequences for fast volumetric measurement of T BW 1 and T PW 1 of cortical bone in vitro and in vivo. Comparison studies between 2D UTE and 3D Cones sequences were performed on a rubber phantom and ex vivo bovine bone samples. Finally, the 3D Cones techniques were applied to healthy volunteers on a 3 Tesla (T) scanner to demonstrate the feasibility of fast volumetric assessment of T BW 1 and T PW 1 in vivo.
METHODS

Sample Preparation
Eight bovine cortical bone samples were harvested from mature bovine femoral midshafts obtained from a local slaughterhouse, and were cleared of external muscle and soft tissue. Bone marrow was removed with a scalpel. Cross-sectional cortical bone segments with an approximate thickness of 60 mm were sectioned using a low-speed diamond saw (Isomet 1000, Buehler, Bluff, Illinois) with constant saline irrigation, and stored in phosphate buffered saline (PBS) solution for 24 h prior to use. A piece of rubber (Pink Eraser, Paper Mate Products, Newell Brands, Atlanta, GA) was used as a reference phantom for T 1 quantification (details shown below). Figure 1 shows the 3D Cones UTE sequences as well as previously reported 2D radial UTE sequences implemented on a 3T Signa TwinSpeed scanner (GE Healthcare Technologies, Milwaukee, Wisconsin). The basic 3D Cones sequence (Fig. 1c) employed a short RF rectangular pulse (duration ¼ 26-52 ms) for signal excitation, followed by 3D spiral trajectories sampled on the Cones (Fig. 1d) (29) . The Cones sequence provides 3D volumetric UTE imaging in a time-efficient way with eddy current artifacts greatly reduced over the regular 2D UTE sequence, which employs half-pulses for selective excitation and thus are sensitive to eddy currents and gradient errors (32) . To minimize sensitivity to eddy currents, we used 2D non-slice-selective UTE rather than slice-selective UTE sequences (Fig. 1a) , in which the slice-selective half-pulse excitation was replaced with a short rectangular pulse (duration ¼ 26-52 ms). This eliminates the eddy currents while offering much improved SNR caused by projection imaging in the slice dimension. The nonselective UTE imaging also speeds up data acquisition, as only one excitation is needed (2D slice-selective imaging requires two excitations). The 2D nonselective UTE sequences are used to compare the 3D Cones UTE sequences in T 1 analysis of bound and pore water components in bovine cortical bone samples.
Pulse Sequences
Both bound and pore water are detectable with the basic 2D radial UTE and 3D Cones UTE sequences. The UTE sequences can also be combined with an adiabatic inversion recovery preparation pulse (Silver-Hoult pulse with duration of 8.64 ms, spectral bandwidth of 1.5 kHz) for IR-Cones or IR-UTE imaging of bound water (29) . The purpose of the adiabatic IR pulse is to invert the longitudinal magnetization of the long T 2 signal components, including those in muscle and fat as well as pore water (25, 33) . The magnetization of collagen-bound water, which has a very short T Ã 2 , is not inverted but is largely saturated by the adiabatic IR pulse (25) . After an inversion time (TI) delay, during which the inverted pore water magnetization approaches the null point, the Cones acquisition is initiated to selectively detect signal from collagen-bound water. To speed up data acquisition, one IR preparation is followed by five Cones sampling (29) . 
Measurement with Saturation Recovery UTE (SR-UTE)
Saturation recovery UTE (SR-UTE) has been employed for T 1 measurement of cortical bone (33) . In this technique, a 90 0 rectangular pulse (duration ¼ 232 ms) was devised in conjunction with large dephasing gradients to suppress signals from both long and short T 2 species. UTE acquisition started at a series of saturation recovery time (TSR) to detect the signal recovery from bone. Only the 2D nonselective UTE sequence was combined with the short 90 rectangular pulse for SR-UTE imaging. The 3D Cones sequence was not combined with the SR approach, as a result of excessively lengthy scan times. The single exponential signal recovery model shown below was used to fit T 1 (18, 33) :
where S(TSR,TE¼8 ms) is the UTE-TSR signal intensity, S 0 is the steady-state UTE signal intensity, k accounts for the residual fraction of the longitudinal magnetization of cortical bone after a nominal 90 pulse, T TW 1
is the effective T 1 of bone water with signal contribution from both bound and pore water in cortical bone.
Bound-water signal has an extremely short T Ã 2 of approximately $300 ms, whereas pore water has a much longer T Ã 2 of several milliseconds. Therefore, a longer TE (eg, TE ¼ 2.5 ms) can be used to selectively detect signal from pore water with near-zero signal contribution from bound water. In this case, SR-UTE can be used to measure T 1 of pore water (T PW 1 ) based on the following equation:
Each bovine cortical bone sample was placed in Fomblin solution, which helped in maintaining the hydration of cortical bone and minimizing the susceptibility effects at tissue-air interfaces. A wrist coil (BC-10, Medspira, Minneapolis, Minnesota) was used for signal excitation and reception. The 2D dual-echo SR-UTE sequence employed the following imaging parameters for T 
Measurement With UTE Variable TR (UTE-VTR) Approach
The steady-state UTE signal S UTE can be written as (18):
where f xy and f z describe the behavior of the transverse magnetization and longitudinal magnetization, respectively, as a function of the pulse B 1 (t) as well as the T 2 and T 1 of the ultrashort T Ã 2 components, and S UTE 0 is the UTE signal with full longitudinal recovery. For both the 2D nonselective UTE and 3D Cones UTE sequences, the duration of the excitation pulse (ie, 52 ms, 20 rectangular pulse) is significantly shorter than both T 2 and T 1 of bone water; therefore, relaxation effects during RF excitation could be ignored as a first-order approximation. Therefore, this equation can be simplified as follows:
where T ÃTW 2 is the effective T Ã 2 of bound and pore water in cortical bone.
When a longer echo time (TE) is used, bound water signal decays to near zero and only pore water is detected. As a result, T PW 1 can be measured selectively with UTE-VTR acquisitions with a longer TE (eg, 2.5 ms). Pore water T 1 can then be measured with the following equation [34] :
Because only pore water is detected with a TE of 2.5 ms, T ÃPW 2 should be used in this equation. The following bicomponent model was used to quantify the T Ã 2 and relative fractions of bound and pore water components in cortical bone (13):
þ noise [6] where S BW and S PW are the corresponding signal intensities of bound and pore water components at TE of 0.
The experimental setup was similar to that used in the SR-UTE approach. The dual-echo 2D nonselective UTE-VTR technique employed similar imaging parameters except eight pulse repetition times (TRs) of 14, 25, 50, 100, 200, 400, 600, and 800 ms, and a total scan time of 12 min. The dual-echo 3D Cones-VTR technique employed similar imaging parameters except 10 slices, a slice thickness of 7 mm, nine TRs of 6, 10, 15, 20, 25, 30, 50, 100, and 200 ms, 280 sampling points per Cones trajectory (sampling window ¼ 1120 ms, spiral trajectories ¼ 3728), and a total scan time of 28 min. T 
Measurement with IR-UTE Variable TR/TI Approach
In IR-UTE, the long T 2 signal from pore water is inverted and nulled, while the short T 2 signal from bound water is saturated and recovered during the inversion time of TI, and subsequently detected by UTE data acquisitions. The steady-state IR-UTE signal following an adiabatic IR pulse can be calculated as follows (35):
where S IRÀUTE 0 is the steady state IR-UTE signal of cortical bone, and Q is the fraction of longitudinal magnetization of bound water following the adiabatic IR pulse. Our previous studies suggest that bound water T Ã 2 is approximately $0.3 ms, yielding a Q value of less than 0.05 following Bloch equation simulation. This nearcomplete saturation of bound-water component is consistent with results reported by other groups (25) (26) (27) 36) . As a result, Eq. [7] can be simplified as follows (35):
Eq. [8] suggests that T 1 of bound water can be measured reliably using exponential fitting of IR-UTE images acquired with different combinations of TR and TI, on the condition that all of these TR/TI combinations satisfy the nulling of pore water in cortical bone. Although TR is not shown explicitly in Eq. [8] , varying TI is associated with varying TR, as TI depends on TR in the nulling condition (35) . 
T 1 Measurements In Vivo
The 3D Cones and IR-Cones sequences were applied to the tibial midshaft of eight healthy volunteers (all males, 27-42 years old, mean/standard deviation ¼ 32 6 5) for bound and pore water T 1 measurements in vivo. Written, informed consent approved by our Institutional Review Board was obtained before their participation in this study. An eight-channel knee coil was used for signal excitation and reception.
To measure T 
Data Analysis
The analysis algorithm was written in MATLAB (The MathWorks, Natick, Massachusetts) and was executed offline on the DICOM images obtained by the protocols described previously. The program allowed placement of regions of interest (ROIs) on the first UTE image of the series, which was then copied onto each of the subsequent images. The mean intensity within each of the ROIs (approximately 50 pixels) was used for subsequent curve fitting. T TW 1 was estimated using Eq. [1] for the SR-UTE approach, and Eq. [4] for the UTE acquisitions with variable TR approach. T PW 1 was estimated using Eq. [2] for the SR-UTE approach, and Eq. [5] for the UTE acquisitions with variable TR approach. T BW 1 was estimated using Eq. [8] for the IR-UTE approach (TI was calculated for each TR based on the measured T values derived from all three techniques were largely consistent for both the cortical bone and the rubber eraser, as noted in the figure. from the 3D IR-Cones approach (119 6 9 ms) is comparable to that of 113 6 10 ms from the 2D IR-UTE approach. were largely comparable with these from the literature, especially these from NMR spectroscopy studies (22, 25) . Those results also suggest that both T of 134 6 11 ms were observed for the tibial midshafts of the eight healthy volunteers. These values were again largely consistent with the values obtained from bovine cortical bone samples as given in Table 1 .
DISCUSSION
T 1 relaxation, also known as spin-lattice relaxation, describes the recovery of longitudinal magnetization after the application of a radiofrequency pulse. The mechanisms of T 1 relaxation in cortical bone are poorly understood, and for reasons not currently known, most recent studies suggest that T 1 of cortical bone (assuming a single T 1 component) is much shorter than that of long T 2 tissues, including muscle, liver, and gray and white matter (18) (19) (20) 33) . In five different healthy volunteers (mean age 29 years), we previously obtained a mean total water T 1 measurement of 223 6 11 ms using a saturation recovery 2D-UTE technique, comparing closely to 246 6 32 ms obtained with variable TR 3D-Cones in this study (33) . Reichert et al used a saturation recovery technique and a 2D-UTE technique in vivo on a 1.5T system and found a range of 140-260 ms for T 1 measurement of total water (37). Rad et al employed a hybrid 3D UTE imaging with two different TRs approach to map T 1 and reported a total water T 1 of 302 6 45 ms at 3 T (19). Using a saturation recovery technique and 3D-UTE imaging on a 3T scanner, Techawiboonwong et al found a mean total water T 1 of 398 6 7 ms in human tibial cortex specimens (18) . It is expected that the donor specimens used in their study (mean age at death of 67 years) would yield higher T 1 values than in our volunteers, as our volunteers were younger and presumably have lower cortical ) and found that a linear relationship with T 1 increased from $120 ms at 25.1 C to $155 ms at 70.1 C (38). The same group also reported an actual flip angle imaging (AFI) UTE technique to improve T 1 measurement for short T 2 tissues, and reported a short T 1 value of $210 ms for cortical bone at 3 T (39). The rapid T 1 relaxation of bone provides a unique opportunity, as quantification can potentially be performed without significantly prolonging imaging protocol. However, there are some studies suggesting that bone has a long T 1 , instead of a short T 1 . For example, Cao et al reported a very long T 1 of 3.6 s for cortical bone at 4.7 T (40). This result is consistent with the long T 1 values expected for solid-state materials. Clearly, more research is needed to further validate T 1 measurements of bone water using both high-performance NMR spectrometers as well as clinical MR scanners.
A number of recent studies have demonstrated that the different water components in cortical bone have very distinct T 2 and T Ã 2 relaxation times. Pore water has a long T 2 ( > 100 ms) but a short T Ã 2 ($a few milliseconds), whereas bound water has much reduced T 2 and T Ã 2 ($a few hundred microseconds) (10) (11) (12) (13) (14) 17) . The distinct T Ã 2 values suggest that the exchange rate between bound and pore water is relatively slow. As a result, one would also expect that bound and pore water should have distinct T 1 values. However, limited studies have been reported on this topic. Only a few groups to date have investigated techniques to measure T 1 values of bound and pore water in cortical bone. Using inversion recovery Carr-Purcell-Meiboom-Gill (CPMG) sequences and fitting with a 2D T 1 -T 2 spectrum, Horch et al found shorter T 1 values of $350 ms for bound water and $1 s for pore water (12) . In another study by the same group, a mean T values of 545 6 28 ms at 3 T from our study, 551 6 120 ms at 4.7 T from the Horch study, and 111-243 ms at 1.5 T from the Akbari study. The variability may be the result of multiple factors, including differences in field strengths (T 1 is field strength dependent) and type of specimen (T PW 1 in human cortical bone with larger pores is expected to be longer than in bovine cortical bone with smaller pores). More work is needed to validate the different techniques to measure T PW 1 and T BW 1 .
In this study, we have demonstrated that the fast, volumetric 3D-Cones sequences provide additional opportunities for quantification, as ultrashort echo times can now be employed in a time and SNR-efficient manner. In bovine bone samples, the dual-echo variable TR 3D-Cones sequence produced similar results compared with the nonselective 2D UTE sequence using both dual-echo TSR and variable TR techniques for the quantification of total and bound water. For T 1 measurements of bound water, the IR technique using the 3D-Cones sequence yielded a mean measurement of 144 ms, compared with 116 ms obtained using the 2D-UTE sequence. This may be the result of the differences in spatial resolution, echo times, and sampling window. The 2D-UTE sequence with shorter echo time and sampling window is more efficient in capturing signal from a larger proportion of the rapidly decaying bound water component. Furthermore, the 2D UTE sequence is non-slice selective. B 1 variation across the specimen thickness ($6 cm) will also affect the T 1 measurement.
This study has a number of limitations. First, a singlecomponent model was used for the T 1 calculation of total water, which is only an approximation. Multicomponent analysis would be helpful to elucidate the fractions and T 1 values of the bound and free water pools (22) . However, the accuracy of multicomponent fitting is dependent on the quality of data including SNR, number of sampling points (or echo times), and separation of relaxation times. The 3D-Cones sequence may be well suited for multicomponent modeling, and this deserves additional study. Second, errors in T measurements (39) . Fourth, mapping of bound and pore water concentrations were not performed in this study. With T Ã 2 and T 1 values of both bound and pore water components known, accurate measurement of their absolute concentration can be achieved easily through comparison of bone signal with that of a reference phantom with known proton density. Validation studies as well as clinical applications of total, bound, and pore water mapping will be performed in future studies.
